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Abstract 
Basɟd on the research of actual submicron WC-Co hard alloy structure, a simple model of this structure was offered. 
Cracking of the structure occurs in  two stages: cracking of WC-WC and cracking of Co interlayer. Stress distribution 
in the model structure was calculated with 2D Finite Element Method (FEM). This sample with fracture criteria of the 
elements allows describing the influence of defects on submicron WC-Co hard alloy strength. Submicron WC-8%Co 
-1%Cr3C2 hard alloy with pores, Ș-phase (Co3W3C) and free carbon was made by  conventional sintering with control 
of the atmosphere during sintering. Influence of defects on strength and hardness was researched both in actual 
samples and in the experimental sample. The minimization of defects volume in this hard alloy sample has allowed 
obtaining a high transverse rupture strength (1.641±0.108 GPa) and hardness (90.5±0.1 HRA). 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Guest Editors of 
Physics Procedia, Publication Committee of ASCO-NANOMAT 2011 
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1. Introduction 
For many years, WC-Co hard alloys have been extensively used in industry for cutting metal, boring, 
and blanking. The advantage of hard alloys lies in the combination of hardness and strength. Hardness of 
hard alloys increases with decreasing of average grain size of tungsten carbide grains [1] according Hall-
Petch relation [2].  Actual micro-hardness and theoretical tensile strength of nanostructured WC-Co 
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particles achieve 23.7 [3]0 GPa and 48 GPa [4] accordingly, but the transverse rupture strength (TRS) of 
hard alloy with high hardness is rather scattered with relatively large standard deviations [5]. It should be 
caused by the presence of any defects (pores, free carbon inclusions, big WC grains and Ș-phase). There 
exist some works devoted to modeling hard alloy strength without defects [2,5]. The aim of this work is 
to research the influence of defects on WC-Co strength and hardness using the modeling and experiment. 
2. Experimental 
2D Finite element modeling (FEM) was executed  using OOF2 software developed in NIST (USA). 
Actual microstructure of hard alloy consists of hard WC grains forming “frame”, soft Co interlayers and 
defects (pores, Ș etc.) (fig.5). The first structure measuring 8x8 ȝm (fig. 1a) under tension (ı=4 GPa) 
consists of octahedral WC grains (dWC =  1  ȝm)  forming  “frame”  with  WC-WC  contacts  (lWC-WC=0.25 
ȝm), Co interlayers (lCo=0.3 ȝm), 2 Ș-phase inclusions (lȘ=0.3 ȝm), pore (lpore=0.75 ȝm) (fig.1b). The 
second structure contains 4 big grains measuring at  2x2 ȝm with pore (fig. 2a) instead of Ș-phase
inclusions. Based on the calculated dependence of stress ıyy(r) and displacement uyy(r) after increment of 
crack (įa=20 nm) (fig.1a) the stress intensity factor was calculated  as follows [6]: 
(1) 
where r – distance from crack tip (fig .1c), Ȟ – Poisson’s ratio, E – Young’s modulus, a – half-length of 
defect (fig. 1b), xx – phase (WC, Ș or Co) 
The crack grows when the stress intensity factor in the phase achieves the fracture toughness of 
respectively phase (K1c
WC§=6.8  MPa¥m,  K1c
Ș§ K1c
WC,  K1c
Co§ K1c
WC-CoȜCo=0.5lCo=0.15 ȝm)=10.4  
MPa¥m) [2,5]. The stress required for crack growth in the phase was calculated as follows:  
(2) 
128 g of WC powder was  milled during 120 minuts and mixed with WC, Co (8 wt. %) and Cr3C2 (1 wt. 
%) during 40 minuts in planetary ball mill PM-400 with frequency 400 rpm and ball to powder ratio 10:1. 
The obtained powder was mixed with a plastificator and  pressed under 200 MPa. 6 samples in each of 4 
experiments (exp.) were sintered in a vacuum tube furnance at different atmospheres. The structure was 
researched using an electronic microscope (EVO 40). Carbon and Ș-phase content was estimated using 
metallography methods. Transverse rupture strength (TRS) and hardness were determined by standard 
methods ISO 3327-82 and ISO 6508-86. 
Fig. 1 Example of modeled structure with Ș-phase (a, b, c) and graphs of stress and displacement near crack tip (d) 
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3. Results 
The stress required for crack growth in WC-WC contact near pore amounts at ılim
WC = 6.4 GPa and 
ılim
WC = 6.8 GPa (2) (fig.2b, fig. 3b) in structures with Ș-phase inclusions (fig. 2a) and big WC grains 
(fig. 3a). These values are high because of small size of the pore. After breakage of WC-WC contacts and 
Ș-phase inclusions the stress is concentrated in Co interlayer (fig. 2c, fig. 3c). The length of the created 
defect is 3250 nm in both cases. Full defects consist of pore, WC-WC contacts, WC-grains and Ș-phase. 
The stress required for crack growth in the Co is 4.6 GPa (2).  
Fig. 2. (a) Modeled structure with Ș-phase; (b) stress distribution before WC-WC and Ș-phase cracking ; and (c) after cracking 
Fig. 3. (a) Modeled structure with big WC grain; (b) stress distribution before WC-WC cracking ; and (c) after cracking 
Fig.4. Structure of WC-8Co-1Cr3C2. (WC – white, Co – gray, pore-black) obtained in exp. N 1 (a), N 2 (b), N3 (c), N 4 (d) 
Average WC grains diameters of obtained hard alloys are in the range of 0.7-0.8 ȝm (fig. 4)(Table 1). 
The main defects in the first experiment are pores with sizes up to 270 ȝm. The cause is a low sintering 
temperature (1350 °C) which is not enough to supply filling of pores by Co. The main defect of the 
second experiment is Ș-phase (6.5 vol.%) which was formed during sintering (1400 °C). The cause is 
decarburization of submicron powder due to high surface area. Alloys in the first and second experiments 
do not have such a strength as conventional fine-grained hard alloys (Table 1). Deficiency of carbon in 
other experiments was made up by CO gas during annealing. The main defects in the third experiment is a 
free carbon inclusion with sizes up to 20 ȝm formed during carbonisation of samples. Elongated 
carbonisation process induces formation of free carbon inclusions (about 2 vol.%) with sizes from 1 to 5 
ȝm. This alloy excels conventional fine-grained hard alloys in the strength and hardness (Table 1). In 
fourth experiment the uniformity of carbon distribution was achieved by anneling of samples in 
equlibrium gas mix CO+CO2. Low carbon content and uniform distribution of carbon allow to minimize 
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volume of free carbon and Ș-phase in hard alloy. This alloy excels conventional submicron hard alloys in 
strength and hardness (Table 1).  
Table 1. Properties of sintered samples and comparison with other results 
N
exp. 
/ ref. 
Chemical composition. 
wt. %  
Max. 
pores 
size, 
ȝm
Free 
carbon. 
vol.% 
Ș-
phase, 
vol.% 
TRS, GPa 
Hardness, 
HRA
Micro-
hardness, 
GPa 
Average WC 
grain size, ȝm
Cobalt 
content  
Grain growth 
inhibitors 
1 8 1 Cr3C2 270 <0.5 <0.5 0.700 ±0.292 87.6±0.5 14.9 ±0.5 0.6±0.1 
2 8 1 Cr3C2 30 0 6.5 0.886 ±0.314 88.8±1.6 15.5 ±0.8 0.7±0.1 
3 8 1 Cr3C2 20 2 <0.5 1.582 ±0.129 89.7±0.3 16.3 ±1.0 0.8±0.1 
4 8 1 Cr3C2 10 <0.5 <0.5 1.641 ±0.108 90.5±0.1 17.3 ±0.2 0.8±0.1 
[7] 11 - - - - 1.470 - 16.1 0.85 
[8] 10 0.7 VC/TaC - - - 1.250 - 18.5 0.35 
4. Conclusion 
According to FEM results a crack growth begins in submicron hard alloy with little pores (0.7 ȝm) at a 
high stress (6-6.5 GPa). Crack growth continues under stress which volume (4.6-6.8) depends on full 
defect length and fracture toughness of hard alloy. In sintered submicron hard alloy a presence of 6.5% Ș-
phase or big pores (until 270 ȝm) significantly reduces transverse rapture strength to 0.886 GPa and 0.700 
GPa accordingly. Presence of 2 vol.% free carbon insignificantly reduces strength and hardness (1.528 
GPa and 89.7 HRA). Low content of pores, Ș-phase and free carbon (<0.5 vol.%) in submicron hard alloy 
allows to achieve superiority in strength and hardness (1.641±0.108 GPa and 90.5±0.1 HRA) above 
analogs produced by conventional sintering.  
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